In situ variable-temperature single crystal X-ray diffraction studies of the single-crystal-to-singlecrystal dehydration and rehydration of a mixedligand 2D zinc metal-organic framework using trimesate and 4,4′-bipyridine-N,N′-dioxide as ligands † Tayyibah Tahier and Clive L. Oliver * A mixed-ligand 2D MOF based on ZnSO 4 , trimesate and 4,4′-bipyridine-N,N′-dioxide was synthesized and characterized by variable-temperature X-ray diffraction, thermal analysis and infrared spectroscopy. It is the first crystal structure, let alone coordination polymer, containing both trimesate (or trimesic acid) and 4,4′bipyridine-N,N′-dioxide. The 2D layers are arranged in a polar fashion with adjacent layers creating isolated cavities. Single crystal structure analyses of the same crystal at different temperatures confirm that dehydration occurs via a single-crystal-to-single-crystal transformation and yield insight into the order of water release upon dehydration. Rehydration of the 2D MOF occurred when exposed to air which was confirmed by thermogravimetric analysis and single crystal X-ray diffraction. Water vapour sorption experiments show a type I isotherm, typical of microporous materials. CrystEngComm, 2015, 17, 8946-8956 This journal is 21 6505195; Tel: +27 21 6503830 † Electronic supplementary information (ESI) available: Crystal and geometrical data, TG and DSC curves and IR spectrum for 1. CCDC reference numbers 1405005-1405008 for variable temperature studies of 1 and 1405387-1405388 for rehydration studies of 1. For ESI and crystallographic data in CIF or other electronic format see
Introduction
Metal-organic frameworks (MOFs) have received widespread attention in recent years due to their porosity, yielding potential applications which include gas storage, molecular sensing, catalysis and separations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Coordination bonds that form between the organic linkers and metal ions, which are used as building blocks to synthesise the MOFs, may lead to discrete coordination complexes or to 1D, 2D or 3D coordination polymers. Mixed-ligand MOFs have two or more different types of organic linkers and have recently been reviewed from the point of view of design, construction, tuning and applications. [11] [12] [13] Different ligands usually play a different role from a structural and functional point of view and need to either have a near equal probability of ligating to the metal employed or the first bound ligand should have a synergistic effect on the binding of the second. 12 The use of mixed ligands may have an advantage over using one type of ligand in that tuning of the pores in one dimension may be effected which may not be the case if only one type of ligand is used. 14 Single-crystal-to-single-crystal (SCSC) transformations of MOFs have been recognised as an important solid state phenomenon and have gained a considerable amount of attention since the transformed structure can be determined and therefore may yield insight into the mechanism of transformation. [15] [16] [17] SCSC transformations may occur as a result of external stimuli such as heat, light or the desorption/sorption of guest molecules in the MOF. 18 Variabletemperature single crystal X-ray diffraction (VT-SCXRD) studies of MOFs are relatively rare, 19, 20 however these may yield insight into desolvation processes when coupled with thermogravimetric analysis (TGA). 21 As part of our ongoing investigation into the synthesis of mixed-ligand MOFs, we have produced a novel mixed-ligand, pillared, cadmium metal-organic framework using 1,3,5-benzenetricarboxylic acid (trimesic acid) and 1,2-bisĲ4-pyridyl)ethane where the trimesate linkers and cadmium ions form a 2D sheet, whilst the 1,2-bisĲ4-pyridyl)ethane molecules link these 2D sheets into a 3D porous framework. 22 This structure was shown to undergo a SCSC transformation upon desolvation and solvation with selected solvents which we postulated occurred via a 'gate-opening' mechanism. In order to expand on this study, we have attempted to synthesize a similar MOF by replacing the linker molecule 1,2-bisĲ4-pyridyl)ethane with 4,4′bipyridine-N,N-dioxide (4,4′-bpdo) and the cadmium metal with zinc. Trimesic acid is a fairly common linker in MOF synthesis with 4,4′-bpdo used to a lesser extent, 23 however we have separately used both molecules to synthesize coordination polymers. 24, 25 Herein, we report the synthesis and structure, as well as the dehydration and rehydration properties, using VT-SCXRD and TGA, of a novel 2D zinc-containing MOF synthesised using both 1,3,5-benzenetricarboxylic acid (H 3 BTC) and 4,4-bipyridine-N,N′-dioxide. This combination of organic molecules (or ions thereof) have, to the best of our knowledge, 23 not been included in any crystal structure, let alone that of a coordination polymer.
Experimental section

Materials and physical measurements
All chemicals were of reagent grade, purchased from commercial sources, and used without further purification.
Hot-stage microscopy was performed on a Nikon SMZ-10 stereoscopic microscope fitted with a Linkam THMS600 hot stage and a Linkam TP92 control unit. Samples were placed under silicone oil on a cover slip and heated at 10°C min −1 . Thermal events were monitored with a Sony Digital Hyper HAD colour video camera and captured using the Soft Imaging System program analySIS.
Thermogravimetric analysis (TGA) was performed using a TGA Q500 instrument with a heating rate of 10°C min −1 in the temperature range 25-350°C, under a dry nitrogen flow of 60 ml min −1 . Approximately 2-5 mg of sample was placed in an open crucible for each analysis.
Differential scanning calorimetry (DSC) was performed using a DSC Q200 instrument with a heating rate of 10°C min −1 in the temperature range 25-250°C, under a dry nitrogen flow of 60 ml min −1 . Approximately 2-5 mg of sample was placed in aluminium pan with a lid and a sealed and empty pan was used as a reference. Powder X-ray diffraction (PXRD) measurements were performed on a Bruker D8 Advance X-ray diffractometer in the 4-40°2θ range using a 0.01°step size per second and X-rays generated at 40 kV and 40 mA.
Fourier-transform infrared (FT-IR) spectroscopy was performed in the range 4000-650 cm −1 on a PerkinElmer Spectrum One FT-IR spectrometer using attenuated total reflectance (ATR).
The water vapour and gas sorption experiments were performed with a Micromeritics 3Flex Surface Area Analyzer. The samples were prepared by using a Micromeritics Flowprep with the flow of nitrogen over the sample for 3 hours whilst heated at 60°C. Furthermore the sample was heated at 100°C under vacuum in situ before the analysis commenced. The Brunauer-Emmett-Teller (BET) method was applied on data points between 0.01 and 0.10 P/P o as this was the range where the slope of the Roquerol BET graph remained positive. 
Preparation of [Zn
3 ĲBTC)Ĳ4,4′-bpdo)ĲOH)ĲSO 4 )ĲH 2 O) 3 ] n ·nĲH 2 O) 2.33 (1)
Single crystal X-ray diffraction analyses and structure determination
A suitable, single crystal of 1 was mounted on a cryoloop using Paratone N oil. Data collections were carried out on a Bruker DUO APEX II CCD diffractometer using graphite monochromated Mo Kα (λ = 0.71073 Å) using an Oxford Cryostream-700 to control the temperature. Data collections were carried out at 104 K, 298 K, 323 K and 373 K on the same crystal. Data reduction and cell refinement were performed using SAINT-Plus. 26 The X-ray diffraction data were corrected for the Lorentz-polarization factor and scaled for absorption effects using SADABS. Structure solution and refinement were performed using the crystallographic suite OLEX2. 27 The 104 K structure was solved by direct methods, implemented in SHELXT-97, 28 with these atom coordinates used a starting model for the refinement of the higher temperature structures. Refinement proceeded using the fullmatrix least-squares method, based on F 2 values against all reflections, including anisotropic displacement parameters for all non-H atoms, as implemented in SHELXL-2014/7. 28 The apparent space group for the 104 K structure was suggested to be P3 1 by XPREP, 26 however structure solution and subsequent refinement yielded a best R-factor of~20%. Visual investigation of the reciprocal lattice layers using LAYER 29 revealed a significant proportion of additional systematic absences for the apparent space group P3 1 and, in fact, appeared to suggest a rhombohedral lattice centring. However, a significant proportion of systematic absence violations (~23%) were observed if rhombohedral centring was forced. Nevertheless, the structure was solved in R3 and was refined to~7% with high peaks appearing close the metal centres and with F o ≫ F c for reflections with l = 3n. The latter observation together with the unusual diffraction pattern seemed to be consistent with a case of obverse/reverse 
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twinning. 30 The TwinRotMat routine in PLATON 31 suggested the twin law [0 −1 0 −1 0 0 0 0 −1] with a twin fraction estimation of 0.15. Subsequent refinement applying this twin law yielded an R-factor of~4%, a twin fraction of 0.184 (3), and the absence of a high density close to the metal centres. The same space group and twin law was selected for the higher temperature structures with the refined twin fractions being in close agreement (Table 1) . CCDC 1405005-1405008 and 1405387-1405388 contains the supplementary crystallographic data for this paper.
Results and discussion
Compound 1 was prepared at 90°C by combining solutions of ZnSO 4 ·7H 2 O, trimesic acid and 4,4-bipyridine-N,N′-dioxide (Scheme 1). Crystallographic data are listed in Table 1 for the four different temperatures of collection on the same crystal of 1 with the 104 K temperature structure described next.
The asymmetric unit ( Fig. 1 ) consists of three ZnĲII) cations, one fully deprotonated, bridging trimesate ligand, one 4,4′-bipyridine-N,N′-dioxide molecule, one bridging sulfate anion, a bridging hydroxide group and 5.33 water molecules. Water molecules O1W, O2W and O3W are coordinated to the zinc ions, whilst O4W, O5W and O6W are uncoordinated. Water molecule O5W resides on a 3-fold rotation axis and thus has a site occupancy factor (sof) of 1/3, whilst O6W is disordered over two positions labelled as O6WA and O6WB with sofs of 0.69 and 0.31, respectively. Zn01 has an octahedral coordination geometry and is ligated to the O2 and O3 ii atoms of two different trimesate ligands, the O7 atom of the 4,4′-bpdo ligand, the O9 atom of the hydroxide ligand, the O1S atom of the sulfate ligand and to the O3W atom of a water molecule. Zn02 also has octahedral coordination geometry and is ligated to the O1 and O6 i atoms of two different trimesate ligands, the O9 atom of the hydroxide ligand, the O3S atom of the sulfate ligand, and to the O1W and O2W atoms of two different water molecules. Zn03 has a tetrahedral coordination environment and is ligated to the O9 atom of the hydroxide ion, the O2S atom of the sulfate ion and to the O4 ii and O5 i atoms of two different trimesate ligands. The charges on the three ZnĲII) ions add up to 6+ which is counter-balanced by the 3− charge of the fully deprotonated trimesate ligand, the 2− charge of the sulfate anion and the 1− charge of the hydroxide ion. ]. Although three metal centres capped by a single sulfate anion and linked by a hydroxide ion has been observed in a number of structures, whilst three metals bridged by carboxylate groups have been observed in other structures, a motif where three metal centres are linked by three carboxylate groups, a hydroxide ion and a capping sulfate ion, as observed in our structure, has not yet been reported. 23 The three carboxylate groups of the trimesate ligand determine the extension of the resulting 2D network in the ab-plane, which, if the centroids of the three unique zinc ions and the trimesate ligand are taken as nodes, form a honeycomb uninodal net of type 3c ( Fig. 2a and b) . The Zn-trimesate 2D layers that form are capped on opposite sides by sulfate and 4,4′-bpdo ligands ( Fig. 2c ), respectively. The 4,4′-bpdo ligands are arranged in groups of three, extending at an angle of~21°from the Zntrimesate layer and forming a flat bowl-shaped structure (Fig. 2d ). The 2D layers stack along the c-direction (Fig. 3a ) with all layers relative to each other having their 4,4′-bpdo and sulfate ligands on the same side, illustrating the polar arrangement of the crystal structure as required by the polar space group R3. The 2D layers are hydrogen bonded to each other (Fig. 3b ) via a hydroxide ion and coordinated water molecule hydrogen bond to a sulfate ion (O9-H9⋯O4S and O2W-2WB⋯O4S), forming a hydrogen-bonded ring motif with graph set notation R 1 2 (6), as well as via a coordinated water molecule hydrogen bond to a 4,4′-bpdo ligand (O3W- H3WB⋯O8) which due to the 3-fold rotation axis forms a hydrogen-bonded ring motif of graph set notation R 3 3 (12) .
Variable temperature single crystal and powder X-ray diffraction studies
Consecutive data collections were performed on the same crystal at 104 K, 298 K, 323 K and 373 K for which the crystal data are presented in Table 1 . The asymmetric units of the higher temperature structures show subtle differences to that of the 104 K structure, the main differences being due to successive dehydration of the crystals as the temperature is increased. In the 104 K structure six water molecules were modelled, three coordinated and 2.33 uncoordinated water molecules. In the 298 K structure electron density peaks appeared for the O5W and O6W water molecules, however these could not be refined successfully due to high isotropic temperature factors, which was probably due to these sites not being fully occupied. Thus the sofs of the uncoordinated water molecules were refined freely with O4W, O5W and O6W refining to final values of 0.93, 0.13, and 0.34. In the 323 K structure, O4W was the only remaining uncoordinated water molecule and its sof value refined to 0.32, whilst in the 373 K structure O6W, O5W, O4W as well as the coordinated O1W and O2W water molecules were absent from the structure. The loss of the O1W and O2W water molecules in the 373 K structure results in the change of coordination geometry around Zn02 from octahedral to tetrahedral with a concomitant shortening of the Zn02⋯Zn03 distance from 3.215(1) Å in the 104 K structure to 3.137(4) Å in the 373 K structure (bond lengths are in Table S2 †). In addition, the hydroxide O9 atom is also closer to Zn02 ion in the 373 K vs. 104 K structure (1.989(6) vs. 2.079(4) Å). Overlays of the corresponding atoms of the asymmetric unit atoms of the higher temperature structures with those of the 104 K structure are shown in Fig. 4(a) . These show a near exact match yielding root-mean-square deviations of 0.0474 Å, 0.0645 Å and 0.156 Å for the 298 K, 323 K and 373 K overlays with the 104 K structure, respectively. This indicates an increased difference with increasing temperature difference as the structure becomes more dehydrated. Fig. 4(b) shows the overlay of the crystal packing of the 104 K (in blue) and the 373 K (in red) structures. The overlay shows that the crystal packing in the two structures are virtually identical, despite the absence of the water molecules in the 373 K structure, which are present in the 104 K structure (shown as blue spheres). It appears from Fig. 4(b) that the water channels are continuous, however plots of the void space (shown for the 373 K structure in Fig. 4(c) ) for all four structures show that isolated cavities are present. Even if the last remaining coordinated water molecule (O3W) water molecule is artificially removed in the 373 K structure the cavities are still isolated. This indicates that cooperative changes have to occur when the water molecules evacuate the structure in order to preserve the monocrystallinity. However, due to their close similarity it was not clear from the low and high temperatures structures how these changes occur, perhaps suggesting that the dynamic changes are transient in that the 'before' and 'after' structural conformations are the same because they are energetically preferred. The void space per unit cell volume (as calculated by Mercury with a 1.2 Å probe radius) for 1 at all four temperatures is 8.0% (175.5 Å 3 per cavity), 10.8% (238.0 Å 3 per cavity), 14.2% (311.4 Å 3 per cavity) and 24.6% (549.5 Å 3 per cavity) for the 104 K, 298 K, 323 K and 373 K structures, respectively. Powder X-ray diffraction (PXRD) was used to check that the single crystal structure of 1 at 298 K was representative of the bulk material by comparison with the 30°C PXRD pattern, whilst higher-temperature PXRD patterns were recorded in order to ascertain whether the crystallinity of the bulk material was maintained upon removal of the solvent when heated. The calculated and 30°C PXRD patterns agree closely indicating that the bulk material is a close match with the single crystal structure. Peaks at 11.6, 19.5 and 20.0°2θ are slightly more pronounced in the experimental PXRDs and these are attributed to slight preferred orientation effects. Nevertheless, upon heating the sample, the PXRD patterns remain virtually the same up to 190°C, after which crystallinity is lost.
Thermal analysis and dehydration/rehydration studies HSM (Fig. 6) shows a visual indication of the loss of water vapour as bubbles are formed in the silicone oil when crystals of 1 are heated in the range 25-300°C. The first sign of water loss appears at 92°C and continues up to 175°C. During this period, despite some minor cracks, the crystals are largely intact, especially in the case of the smaller crystals. This affords a visual indication that the dehydration process is a SCSC transformation as loss of crystallinity is usually associated with crystals turning opaque. At 250°C the crystals start turning brown, indicating the onset of decomposition which is well underway by 284°C.
The TGA thermogram of the as-synthesized MOF showed shows a two-step mass loss (Fig. S1 †) . Based on the asymmetric unit, the first mass loss of 9.81% (30-150°C) accounts for 4.25 water molecules which probably corresponds to the 2.33 uncoordinated water molecules (O4W, O5W and O6W) and two coordinated water molecules (O1W and O2W). The second mass loss of 2.57% (150-220°C) accounts for 1.03 water molecules and corresponds to the loss of the last remaining coordinated water molecule O3W which according to single crystal structure analysis is still present at 373 K. The structure of 1 at this temperature together with the single crystal structure determinations at 104 K, 298 K and 323 K, although not within the same temperature limits as the TG analysis, suggests that the order of water release for the modelled water molecules is O6W/O5W, O4W, O1W/O2W and O3W when subjected to TGA. DSC analysis shows two broad endotherms in the ranges 50-150°C and 150-220°C which corresponds to the mass losses from TG analyses attributed to water loss (Fig. S1 †) . Fig. 7 shows the results of a separate experiment where a few crystals of 1 was subjected to TGA in the range 30-190°C , cooled and then immediately reheated to 190°C. This was followed by placing the sample in an open vial which was placed within a larger capped vial containing water. After one day, TGA performed on the sample showed an 11.2% mass loss which was greater than the original mass loss indicating that more water was absorbed than obtained from crystallization.
In another separate experiment, a second single crystal of 1 was subjected to VT-SCXRD with the first structure determined at 373 K. This was to confirm the absence of the uncoordinated water molecules (O4W, O5W and O6W) and coordinated water molecules (O1W and O2W) as well as the concomitant shortening of the Zn02⋯Zn03 distance. Subsequently, the same crystal was cooled to 298 K with the immediately determined crystal structure at this temperature being virtually the same as the 373 K structure ( Fig. 8(a) ). This crystal was then left on the diffractometer for 24 hours at room temperature (without the flow of dry air over the crystal). The re-determined crystal structure at 298 K showed that two water molecules (O1W and O2W) was reabsorbed from the atmosphere and coordinated to the Zn02 with the concomitant increase in the Zn02⋯Zn03 distance (Fig. 8 ). In addition, the uncoordinated water molecules O4W, O5W and O6W were partially reabsorbed with their sofs refining to 0.40, 0.27 and 0.31, respectively. This proves that SCSC dehydration behaviour of 1 is reversible. Examples are rare where the loss of coordinated water molecules in MOFs is reversible. 20, 32 Sun et al. suggested that that the loss of coordinated and uncoordinated water molecules in their cobalt 3D MOF was made possible due to the existence of open channels. 32 In our structure the lack of open channels does not seem to prevent this reversible loss. Interestingly, the crystals that were subjected to the TGA up to 190°C lost their monocrystallinity (by visual inspection), indicating that the presence of O3W is important for the dehydration of 1 to be a SCSC process. However, the PXRD pattern at 190°C confirmed that the crystallinity of the bulk material is retained at this temperature (Fig. 5 ). Attempted exchange of the water (uncoordinated or coordinated) in 1 with organic solvents such as methanol, chloroform, 1,4-dioxane and tetrahydrofuran were unsuccessful, reaffirming the strong affinity of compound 1 for water.
Water vapour sorption of 1 (Fig. 9) show that it readily adsorbs water vapour at low relative pressures and displays the typical Type I isotherm associated with microporous materials. The total water absorbed at a relative pressure P/P 0 of 0.81 was 195.5 cm 3 (STP) g −1 . The BET surface area was calculated to be 477(6) m 2 g −1 , whilst negligible hysteresis was observed with the desorption isotherm. Nitrogen and carbon dioxide (not shown) sorption isotherms show a low sorption of 2.7 cm 3 (STP) g −1 cm 3 and 1.1 cm 3 (STP) g −1 , respectively.
FT-IR
Infrared spectroscopy data ( Fig. S3 †) confirm that trimesate is coordinated to zincĲII) by virtue of the presence of the asymmetric stretching vibrational mode, ν asym Ĳ-COO − ), appearing at 1622 cm −1 in the IR spectrum of 1 (1690 cm −1 in the free ligand). The peak associated with the symmetric stretching vibrational mode, ν s Ĳ-COO − ), appears at 1473 cm −1 with the value of Δ(ν as Ĳ-COO − ) − ν s Ĳ-COO − )) being 149 cm −1 . This is consistent with a carboxylate group binding to two zinc atoms in a bridging bidentate mode. 33 The absence of a shoulder on the peak at 1622 cm −1 also (thus indicating the absence of a hydroxyl hydrogen atom) supports full deprotonation of the carboxylic acid groups. 34 The peak at 1220 cm −1 represents the 4,4′-bpdo N-O coordination bond to zincĲII), 33 whilst the broad peak at~3260 cm −1 indicates the presence of hydrogen-bonded lattice water molecules.
Conclusion
In conclusion, a new 2D MOF has been synthesized based on ZnSO 4 , trimesic acid and 4,4′-bypyridine-N,N′-dioxide where the 2D layers are arranged in a polar fashion. Single crystal structure analysis at successive temperatures of 104 K, 298 K, 323 K and 373 K on the same crystal, firstly confirms that this is a SCSC transformation and also indicates the probable order of water release when the as-synthesized compound is subjected to TG analysis. The dehydration occurs despite the lack of clear channels indicating that cooperative structural changes occur for water to be evacuated from the structure. It was ascertained that the dehydration process is reversible and that it occurs via a SCSC process, provided that the last coordinated water molecule is retained. The water vapour sorption/desorption isotherms of the activated MOF shows a typical Type I isotherm associated with microporous materials and also shows its high affinity for water.
